Coxsackievirus A9 (CVA9) is an important pathogen of the Picornaviridae family. It utilizes cellular receptors from the integrin ␣ v family for binding to its host cells prior to entry and genome release. Among the integrins tested, it has the highest affinity for ␣ v ␤ 6 , which recognizes the arginine-glycine-aspartic acid (RGD) loop present on the C terminus of viral capsid protein, VP1. As the atomic model of CVA9 lacks the RGD loop, we used surface plasmon resonance, electron cryo-microscopy, and image reconstruction to characterize the capsid-integrin interactions and the conformational changes on genome release. We show that the integrin binds to the capsid with nanomolar affinity and that the binding of integrin to the virion does not induce uncoating, thereby implying that further steps are required for release of the genome. Electron cryo-tomography and single-particle image reconstruction revealed variation in the number and conformation of the integrins bound to the capsid, with the integrin footprint mapping close to the predicted site for the exposed RGD loop on VP1. Comparison of empty and RNA-filled capsid reconstructions showed that the capsid undergoes conformational changes when the genome is released, so that the RNA-capsid interactions in the N termini of VP1 and VP4 are lost, VP4 is removed, and the capsid becomes more porous, as has been reported for poliovirus 1, human rhinovirus 2, enterovirus 71, and coxsackievirus A7. These results are important for understanding the structural basis of integrin binding to CVA9 and the molecular events leading to CVA9 cell entry and uncoating.
P
icornaviruses that belong to the Human enterovirus B species (HEV-B) in the family Picornaviridae are the major cause of aseptic meningitis (1, 2) . HEV-B types, including coxsackievirus A9 (CVA9), also exhibit a wide range of other clinical manifestations of acute disease, including respiratory infections, myocarditis, encephalitis, paralysis, rash, and severe generalized infections in newborns (3) (4) (5) (6) (7) . Moreover, there is evidence that suggests that HEV-B, specifically, CVA9, CVB1, CVB3, and CVB5, may be involved in the pathogenesis of childhood diabetes, the rate of incidence of which is increasing in Western countries (8) (9) (10) (11) .
The CVA9 particle is about 28 nm in diameter and consists of a nonenveloped capsid with icosahedral symmetry, surrounding a positive-sense RNA genome of 7,452 nucleotides (12, 13) . The CVA9 Tϭ1 (pseudo-Tϭ3) capsid is made up of 60 copies each of the four viral capsid proteins (VP1 to VP4) as revealed by its atomic model (12) . Each of VP1, VP2, and VP3 possesses an eightstranded ␤-barrel structure. VP1 mainly forms the vertices of the capsid, with VP2 and VP3 alternating on the 3-fold and 2-fold axes of symmetry (12) . These are common characteristics that are shared by most picornaviruses (12, 14) . Depressions of about 15 Å form the canyon region and are also seen around the 2-fold axes (12) . CVA9 interacts with cell surface ␣ v integrins during the early stages of infection via an arginine-glycine-aspartic acid (RGD) motif in VP1 (13, (15) (16) (17) . Sequence analysis of clinical CVA9 isolates spanning almost 50 years has indicated that the RGD motif is conserved, suggesting that the integrin interaction(s) is important in viral infection (18) , even though RGD-less CVA9 has been grown in some cell lines (19) . The C-terminal 15 amino acids of VP1 containing the RGD motif could not be identified in the X-ray structure of CVA9 (12) .
Integrins are members of a family of cellular membrane receptors found as heterodimers of an ␣-and a ␤-chain. The heterodimer body can be divided into a head piece and a tail piece, with three known conformations of extended open head piece, extended closed head piece, and bent head piece (20) . For leukocyte integrins, the bent physiological state (low affinity) can bind a Fab that then induces the extended, activated states with high affinity (21) . A cyclic RGD peptide has been shown to bind the integrin ␣ v ␤ 3 head piece in the ␤-propeller region of the ␣ v chain through arginine and in the I-like region of the ␤ 3 chain through the aspartic acid (22) . Adenovirus has been modeled with ␣ v ␤ 5 bound in an extended conformation (23) . So far, there has been no structural description of the interaction between CVA9 and any of the ␣ v integrin heterodimers. Biochemically, it has been shown that CVA9 binds to both integrin ␣ v ␤ 3 and integrin ␣ v ␤ 6 in vitro (16, 17) , with preferential binding to ␣ v ␤ 6 .
The integrin ␣ V ␤ 6 is thought to be a high-affinity binding receptor for the virus (15, 24) , rather than signaling directly the endocytosis of the virus, because the virus has not been observed to colocalize with internalized integrin (15, 25) . Furthermore, inhibition of the downstream signaling pathways of ␣ v integrin does not appear to affect virus proliferation (15) . These data indicate that integrin ␣ v ␤ 6 acts in the early steps of the virus life cycle to initiate binding of the virus particles to the cell surface; entry requires other host cell factors such as ␤2-microglobulin and GRP78 (15, 26) . It is, however, unclear at what stage the viral RNA is released into the cytosol, and whether interaction with the receptor (␣ v ␤ 6 ) plays a role in this process.
There are 60 potential receptor binding sites for the integrin on the picornaviral capsid surface (one per VP1 molecule), but previous studies of other virus-integrin complexes by electron cryomicroscopy (cryo-EM) and icosahedral reconstruction have indicated that only some of the sites are occupied, as the intensity for the integrin is much weaker than that for the rest of the capsid (23, 27, 28) . One way of judging the occupancy at equivalent sites on the surface of a highly symmetric object is to carry out tomographic reconstructions of individual viruses (28); another is to calculate an asymmetric reconstruction (29, 30) . The occupancy may be affected by steric hindrance or the conformation of the ligand, which may be revealed by studying the binding kinetics in more detail. In surface plasmon resonance (SPR) measurements, one of the binding partners is immobilized on the chip while the other is passed over it in an excess to establish the binding kinetics. This approach has been successful for binding studies of adenovirus with integrin and rhinovirus with ICAM-1 (27, 31) . CVA9 is one of the few picornaviruses besides foot-and-mouth disease virus (32), echovirus 1 (33), echovirus 9 (34), and human parechovirus 1 (35) that is known to use integrins as a cell surface receptor. The rather unique involvement of integrin ␣ V ␤ 6 in CVA9 binding motivated us to analyze the interaction in higher detail at the structural level. Using cryo-EM, tomography, and three-dimensional image reconstruction by the use of icosahedral symmetry and asymmetric reconstruction, and fitting of the X-ray model, we identified the footprints of integrin on the capsid surface and in regions where the capsid proteins interact with RNA. In addition, we analyzed the movements of the capsid proteins VP1, VP2, and VP3 upon release of the genome from the virion by comparison of empty and RNA-filled capsids.
MATERIALS AND METHODS
Purification of coxsackievirus A9 and integrin ␣ V ␤ 6 . Methods for production and purification of coxsackievirus A9 and the ectodomain of integrin ␣ v ␤ 6 have been described earlier (12, 28) .
Cryo-EM and cryo-ET. CVA9 capsids were mixed with integrin ␣ v ␤ 6 at 1:265 and 1:100 molar ratios of capsid to integrin for 1 h at room temperature prior to cryosample preparation on glow-discharged Quantifoil R2/2 (Quantifoil Micro Tools GmbH, Germany) and C-Flat 224 (Electron Microscopy Sciences) grids as described previously (36) . Control samples were prepared similarly. Colloidal gold particles (10-nm diameter) were added to the samples as fiducial markers for electron tomography. The micrographs for icosahedral and asymmetric reconstruction were imaged using an electron dose of ϳ15 to 20 e Ϫ Å Ϫ2 at a magnification of ϫ62,000 on film and scanned to result in a sampling size of 0.113 nm/pixel as described previously (28) . For electron cryo-tomography (cryo-ET), six tilt series (Ϯ60°at 3°increments) at an underfocus of ϳ8 m were collected with Serial EM software on a Tecnai F20 microscope maintained at liquid nitrogen temperature using a Gatan Ultrascan 4000 charge-coupled device (37) . A nominal magnification of ϫ39,400 was used for data collection, giving a sampling size of 0.38 nm/pixel.
Image processing for icosahedral reconstruction and tomographic reconstruction. Micrographs were discarded if they had noticeable drift or astigmatism, or contained crystalline ice. The defocus level of each micrograph was determined using CTFFIND3 (38) . Particles were automatically picked using ETHAN (39) and then manually screened, separated into filled and empty particle data sets (micrographs included both particle types), and windowed in EMAN (40) . Starting models for both data sets were generated using a random model computation procedure (41, 42) operating on 150 images selected from the furthest-from-focus micrographs and resulted in initial reconstructions at ϳ30 Å. These reconstructions then served as starting models for full orientation and origin determination of the entire data set using AUTO3DEM (41) . The resolution of the reconstructions was estimated by Fourier shell correlation analysis with a threshold criterion of 0.5 (43) . The statistics for the reconstructions are collated in Table 1 . The radial program from the BSOFT (44) package was used to calculate the radial profiles.
Tomographic data were binned by a factor of 2. Tomograms were reconstructed using IMOD software (45) , truncating the data to the first zero of the contrast transfer function to remove information beyond 4.4 nm. A nonlinear anisotropic diffusion filter was applied for visualization.
Asymmetric reconstruction of filled CVA9-integrin ␣ V ␤ 6 complex. The asymmetric reconstruction was carried out as described earlier for bacteriophage Sf6 (30 (46) by simply extending the open-state-structure ␣-chain (for which there is only the ␤-propeller structure) from the inactive state by aligning these two, while keeping the ␤-chain at the open-state-structure angle to the ␣-chain. The ␣-chain was assumed to have the "activated" extended structure, which was generated manually by removing the kink from the inactive-state structure by rotation and translation of the ␣-chain domains with PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.4; Schrödinger, LLC). For further processing, we used only the ␤-chain and generated a reference model by combining the icosahedrally symmetric reconstruction of the filled capsid with one molecule of the ␤-chain attached to one of the 60 equivalent positions indicated by the icosahedrally symmetric reconstruction of the filled capsid complexed with integrin. This model was used as the starting map in AUTO3DEM for a data set of close-to-focus (0.83-to 1.54-m) particles. The data were binned by a factor of 2, where the integrin density is more readily visible. The icosahedral origins and orientations already determined for CVA9 filled capsid-integrin ␣ v ␤ 6 images were used as the starting point, where the few positions with integrins bound are not all aligned. In the AUTO3DEM file, the symmetry code was changed from 532 (icosahedral) to 1 (asymmetric) and the ticos_equivalent option was activated (ϭ 1) to search for the best of the 60 possible equivalent positions. AUTO3DEM was then allowed to run in refine mode for a single iteration with a fixed center. The expected result was that one of the 60 possible positions where there was an integrin bound for each particle would align to the reference. The other occupied positions would either show some preference for occupancy (high signal seen on another capsid position) or still be randomly attached (low signal seen on other capsid positions). Control iterations were run with both integrin chains present in the correct position or only the ␤-chain attached to the 5-fold vertices on the capsid (an incorrect position), to investigate model bias.
Fitting of CVA9 capsid proteins. The X-ray structure of CVA9 (PDB 1d4m) (12) was placed in both the filled CVA9-integrin ␣ v ␤ 6 density map and the empty CVA9-integrin ␣ v ␤ 6 map. Additional rigid and flexible body fitting was carried out for the empty CVA9-integrin ␣ v ␤ 6 density map. The capsid map containing the X-ray structure of CVA9 was zoned to a single asymmetric unit using the Zone feature in Chimera (47) with a zoning radius of 12 Å, followed by flexible fitting in iMODFIT (48) where all the dihedral angles were fixed and only rotation and translation of internal coordinates were allowed. The iMODFIT protocol was followed as described for dealing with huge systems on http://chaconlab.org /imodfit/faq.html. After flexible fitting of the asymmetric unit, a pseudoatomic model was generated for the whole capsid in the Oligomer generator of VIPERDB (49) . No clashes were observed between neighboring subunits in the generated model. The conformational changes and domain movements occurring on release of RNA from the capsid were quantified by calculating the component placement scores (50) for corresponding pairs of capsid proteins and individual secondary-structure elements (SSEs) between empty CVA9-integrin ␣ v ␤ 6 and filled CVA9-integrin ␣ v ␤ 6 capsids (51). In addition, the C␣ root mean square deviations (RMSD) between the refined models for each corresponding protein were calculated, using Chimera (47) .
Difference imaging. Difference maps were generated using the "difference map" option in Robem (41) , which subtracts one map from another after bringing the two maps to similar magnifications and pixel densities. Prior to difference mapping, the X-ray structure of CVA9 (PDB 1d4m) (12) was converted to a density map using the pdb2mrc program in EMAN with 0.113 nm/pixel sampling, 400-pixel box size, and a resolution of 9.0 Å or 10.3 Å for difference imaging with filled CVA9-integrin ␣ v ␤ 6 or filled CVA9, respectively (40) . In panels A and B, a white arrow indicates an empty particle and a black arrow indicates a filled particle. Bar, 100 nm. (C and D) Radially depth-cued isosurface representations of the filled CVA9 capsid (C) and filled CVA9 capsid-integrin ␣ v ␤ 6 complex (D) filtered to 10.3-Å resolution. (E and F) Radially depth-cued isosurface representations of the empty CVA9 capsid and empty CVA9 integrin ␣ v ␤ 6 capsid filtered to 9.9-Å resolution. In panels C to F, the view is down a 2-fold axis of symmetry. The scale bar is for the radial depth cueing. (G) Radial profiles for the empty CVA9-integrin ␣ v ␤ 6 complex (line with black dashes), filled CVA9-integrin ␣ v ␤ 6 complex (line with black dashes and dots), empty CVA9 capsid (solid line), and filled CVA9 (dotted line) (one pixel is 1.13 Å). (12, 44) , with the symmetry axes marked 3f, 2f, and 5f. Protein and RNA are shown in black. Bar, 15 nm. (B) Comparison of asymmetric reconstruction of the filled CVA9 capsid-integrin ␣ v ␤ 6 complex (wire net) with the CVA9 atomic model (yellow ribbon model). The integrin density seen as a protrusion in the wire net is from a position that is symmetry related with respect to the one enforced during alignment. The integrin is on top of the VP1 C terminus shown as a red ball model of valine 284. (C) The interaction of a single protomer of CVA9 (VP1, red; VP2, green; VP3, yellow; VP4, blue) with the difference map (wire net) created by subtracting the CVA9 atomic model from the icosahedrally symmetric filled CVA9 capsid-integrin ␣ v ␤ 6 density. The density mainly represents RNA.
Surface plasmon resonance measurements of receptor binding. Binding kinetics and affinity were studied with surface plasmon resonance (SPR) using a Biacore 2000 (GE Healthcare, Sweden) instrument. Biacore carboxymethyl-dextran CM-4 chips (GE Healthcare, Sweden) coated by amine coupling were activated with N-hydroxysuccimide and N-ethyl-N=-(dimethylaminopropyl)carbodiimide for 8 min. Then, purified CVA9 virus in 10 mM sodium acetate buffer (pH 5.0) was injected over the surface at a flow rate of 5 l/min, resulting in 500 to 1,000 response units (RU) of virus coupled to the activated chip surface. Nonspecific sites were quenched by the addition of 1 M ethanolamine-HCl (pH 8.5) for 7 min. Purified ectodomain of integrin ␣ V ␤ 6 (50, 100, or 150 nM) was injected at 10 l/min for 5 min. All measurements were done at 25°C. The buffer used for binding measurements was 10 mM HEPES (pH 7.4)-150 mM NaCl-0.005% polysorbate-1 mM MgCl 2 -1 mM CaCl 2 . BiaEvalution 4.1 (GE Healthcare, Sweden) software was used to fit the kinetic data to different kinetic models, e.g., simple 1:1 binding, a two-state model assuming integrin conformational changes, or parallel reactions of the integrin binding to the virus. Mass transfer effects were also tested. The best fit was judged by the lowest 2 values. The reconstructions (icosahedral, asymmetric, and tomographic) have been deposited in the Electron Microscopy Data Bank (EMDB) with accession numbers EMD-5512, -5514, -5515, -5516, -5517, and -5519. The flexible fit of the CVA9 atomic model to the empty CVA9-integrin complex has been deposited with the Protein Data Bank in Europe (PDBe) under PDB 3J2J.
RESULTS
Structure of the CVA9-integrin complex. In vitro binding assays have shown integrin ␣ v ␤ 6 to be a high-affinity receptor for CVA9 (17, 24) , which prompted us to study this interaction at the structural level. The soluble ectodomain of integrin ␣ v ␤ 6 was complexed with CVA9 in vitro and vitrified in order to perform cryo-EM and single-particle reconstruction, initially applying icosahedral symmetry. The micrographs indicated additional density bound to both filled and empty capsids compared to the control sample ( Fig. 1A and B) . The percentage of empty particles did not increase upon binding to integrin, as the control sample contained 43% empty particles (n ϭ 1,304) compared to 37% in the integrinbound sample (n ϭ 835). This indicated that integrin binding to the virion did not cause RNA release under these conditions. Icosahedral reconstruction of the two capsid types (with and without integrin) showed a 2.9% increase in capsid radius of the empty capsid compared to the filled capsid whether or not integrin was bound (Fig. 1C to G) . The differences in the radial profiles inside the empty capsid (below a radius of 100 nm) are due to noise (Fig. 1G) . Apart from the integrin density, the capsids were directly comparable when filtered to the same resolution. This implies that binding of the integrin to filled or empty capsids did not induce any obvious changes in the virus structure (Fig. 1C to F) . The icosahedrally symmetric reconstructions of the CVA9-integrin ␣ v ␤ 6 complexes showed very weak density for the bound integrin due to low occupancy or flexibility or both ( Fig. 1C to F ; red density in panels D and F). Comparison of the filled capsid-integrin reconstruction to the CVA9 atomic model indicated that the integrin binds to the virus capsid in the proximity of valine 284. This is the last residue in the atomic model of VP1. The distance between valine 284 and the integrin density is short enough for the RGD motif starting five residues later to coincide with the integrin density, close to the C terminus of VP1, between the 5-fold and 2-fold axes (Fig. 2) .
As the signal for the integrin in the icosahedral reconstructions was very weak (Table 1 and Fig. 1C to F) , we also examined the number of integrins bound and the variation in conformation using cryo-ET. The results supported the hypotheses that a variable number of integrins bind the virus capsids, that they are flexible, and that there is apparently more than one integrin conformation (Fig. 3) . Thus, we calculated an asymmetric reconstruction for the filled capsid-integrin complex where we utilized the previously determined icosahedral origins and orientations of the capsid to perform a limited search over 60 positions to align one integrin per capsid to the same orientation (30) . We used a reference model of one ␤-chain of integrin ␣ IIb ␤ 3 , bound to a filled capsid at the position adjacent to the C terminus of VP1 identified from the icosahedrally symmetric filled capsid-integrin complex reconstruction. As a result of this process, one of the integrins bound to each capsid aligned to the reference model (Fig. 4A) . The remaining integrins on the capsid could be randomly distributed over the other 59 positions with an approximately equivalent signal in those 59 positions, or else the signal could be stronger than average in some positions if there is cooperative binding or steric hindrance giving rise to a preferential distribution. We found that the capsid in the asymmetric reconstruction still appeared to be approximately icosahedrally symmetric, as expected if the orientation search was successful, and there was then additional strong density on the one position biased by the reference model ( Fig. 4B and C) . In addition, the signal on the four equivalent positions around the same 5-fold vertex was weakest in the positions closest to that of the model integrin binding site (positions 2 and 5 compared to positions 3 and 4; Fig. 4C ). This indicated that integrin binding to the capsid sterically hindered the binding of other integrins on either side (positions 2 and 5; Fig. 4C ). Using both chains for the integrin changed the appearance of the integrin on position 1 (indicating model bias), but did not significantly increase the signal on the other vertices. However, when a model was used with the integrin incorrectly placed on a 5-fold vertex ("incorrect model"), the integrin density was not as strong as that seen with the correctly placed model. In addition, we calculated the pixel intensity within 59 probable receptor binding sites, excluding the biased site where we had put the integrin on the capsid surface in asymmetric reconstructions from both correct and incorrect models. After scaling of the capsid density, the pixel intensity was found to be higher in the reconstruction from the correct model than in the incorrect one (3,216 versus 2,847), implying that alignment of the remainder of the receptors is more efficient when a correct model is used. Hence, we can show probable steric hindrance in the attachment of integrin; however, we could not model the conformation of the integrin bound using this method.
Measurements of receptor binding to CVA9. SPR measurements showed that the surface-coupled CVA9 (ligand) binds to the ␣ v ␤ 6 ectodomain (analyte) with nanomolar affinity (Fig. 5 and Table 2 ). The data could be modeled either according to a twostate model or as a parallel reaction model (Table 2 ), as they both appropriately fit the data at the different concentrations used ( 2 ϭ 1 to 5; Table 2 ). This is in contrast to a model of 1:1 binding, which gives 2 ϭ 100 to 500. The two-state binding assumes a conformational change of the analyte on binding, and the parallel reaction model assumes that there are two populations of the analyte which can bind the virus with different affinities or two different binding sites on the virus. The reconstructions indicate that the binding sites on the virus are similar for the filled and empty capsids, and that this is really restricted to the flexible, exposed C terminus of VP1. Hence, it is the conformational variation in the analyte that is most likely the explanation for the fact that the simple 1:1 binding model is inappropriate for analysis of this interaction.
It is well known that integrins undergo a conformational change upon activation and ligand binding (52) . Hence, the twostate model predicts a low rate of binding of the first-stage complex (on rate, k a1 ) which converts into a nondissociable complex slowly but which then converts back to an actively dissociating complex (Table 2 ). Overall, this gives a high affinity of ca. K d ϭ 1 nM (dissociation constant) for the receptor-virus interaction, with the rate of formation of the nondissociable complex being low (on rate, ka 2 ) and with an even lower rate of dissociation (kd 2 ϭ 5.5 ϫ 10 Ϫ5 s Ϫ1 ), resulting in a very low overall off rate (Fig. 5) . In contrast, the parallel-reaction model simply predicts two different binding sites or two binding modes with differing affinities (Table 2 ) with similar on rates but with one with a lower off rate (3.31 ϫ 10 Ϫ5 s Ϫ1 versus 6.55 ϫ 10 Ϫ4 s Ϫ1 ). When the ligand and the analyte were reversed, the virus bound irreversibly to the integrin coated surface and it was not possible to regenerate the surface (data not shown). Hence, we could not directly measure avidity.
Conformational changes in capsid on RNA release. The RNA genome appears ordered in CVA9, closely contacting the inner surface of the capsid. Difference imaging of the atomic model of filled CVA9 capsids (PDB 1d4m) (12) from the icosahedrally symmetric filled CVA9 capsid-integrin ␣ v ␤ 6 reconstruction ( Fig. 2A and C) allowed us to identify points of contact of the capsid proteins with the genome. The most obvious contacts are the N and C termini of VP4 and the N terminus of VP1, which are present below the 5-fold vertex (Fig. 2C) . In addition, we confirmed that VP2 Trp38 also contacts the RNA (Fig. 2C) (12) .
By fitting the X-ray structure of CVA9 to the integrin-bound filled capsid and by using flexible fitting to the empty capsid icosahedrally symmetric reconstructions with and without integrin ( Fig. 6A and B) , we were able to compare two different states of the capsid, a genome-filled compact form and the expanded empty capsid state. In contrast to the filled capsid, no density for either VP4 or the N terminus of VP1 was observed in the empty CVA9-integrin reconstruction. The protomer undergoes a translation of 3.8 Å and counterclockwise rotation of 2.8°from the RNA-filled state to the empty state (Table 3) . This rotation is similar to that seen with enterovirus 71 (EV71), where it was reported to be 5.4°i n a counterclockwise direction upon RNA release (53) . Within the protomer, all of the three major capsid proteins, VP1, VP2, and VP3, underwent changes in orientation and translation, although in VP1 the movements were primarily restricted to translations (Table 3 and Fig. 6C and D) . On inspecting the conformational changes of individual secondary-structure elements, the most evident changes observed are the translation of the VP1 ␤-barrel and rotation of the ␤-barrels of VP2 and VP3 (Table 4 and Fig. 6C and D) . Such changes within the protomer tear apart neighboring G81-Y89 ␣-helices of adjacent VP2s at the 2-fold axis (Fig. 6E ). This separation of adjacent protomers has been previously observed for VP2 helices 91 to 98 of coxsackievirus A7 (51) and VP2 ␣A helices of enterovirus 71 (53) and human rhinovirus 2 (54) . The conformational changes occurring in the capsid after RNA release are similar in the capsids with and without integrins, so those changes are not induced by integrin binding.
DISCUSSION
A prerequisite for virus entry into a cell is that it must bind to the cell surface and subsequently trigger uptake by the cell. Increasingly, it has been observed that this is a multistep process, involving many factors (55, 56) . In CVA9, one of the first steps of cell recognition is the binding to an integrin receptor (24) . We showed that the K d of this reaction with the integrin ␣ v ␤ 6 is in the low nanomolar range (Table 2 ) and that dissociation occurs through interaction with a site on the viral capsid close to the predicted RGD loop of VP1 (Fig. 1, 2 , and 4) based on the atomic model of the capsid (12) . As there are 60 such equivalent sites on the capsid, we could show that there is apparent steric hindrance preventing occupancy of all sites under the conditions used with an ϳ200-fold molar excess of integrin over the capsid (Fig. 4) . As the percentages of empty particles with or without integrin were found to be similar, integrin binding did not induce uncoating of RNA, which is similar to observations made for human parechovirus 1 binding to both ␣ v ␤ 6 and ␣ v ␤ 3 (28) . The reconstructions of the CVA9 empty particle most likely represent the last stage of the uncoating process. We see the structural rearrangements produced in the viral capsid by the loss of VP4 and the delivery of the genomic RNA, independently of integrin binding ( Fig. 1 and 6 and Tables 3 and 4) . Further, the rotations and translations of the capsid proteins result in a more porous structure (Fig. 2 ) defined in more detail by flexible fitting from a known atomic model of the filled capsid into the empty capsid. We propose that RNA exits through pores that are produced between adjacent copies of VP2 at or close to the 2-fold axes as has recently been suggested for four other picornaviruses: coxsackievirus A7 (51), enterovirus 71 (53), poliovirus (57) , and human rhinovirus 2 (54). We have analyzed two end states; results from analysis of poliovirus in the act of releasing its RNA are also in line with these observations (57) .
Here we used a number of different approaches to understand the integrin-capsid interactions. The icosahedrally symmetric reconstruction allowed us to pinpoint the position of the integrins on the capsid surface, but not to address their conformation, due to the incoherent averaging of the bound integrin attached to flexible RGD loops (23, 28) . The complementary approaches of electron cryo-tomography and asymmetric reconstruction underlined the heterogeneity of the integrins seen bound to the capsid. In the cell membrane, the integrin conformation may be more constrained than in our experiments with soluble integrin. The integrin heterogeneity was reflected in the clearly bipartite kinetics of integrin attachment to CVA9 seen in SPR measurements, which showed a faster and a slower phase on binding or a higher and a lower off rate, depending on the model (Fig. 5 and Table 2 ). This is because we could model the SPR binding kinetics as either a twostate or a parallel-state reaction. As the integrin binding sites on the empty and full capsids are similar, and the RGD loop is surface exposed and highly mobile, we suggest that the kinetics are mainly influenced by the existence of different conformations of the integrin (52) . As the two kinetic models are equally plausible, we remain with two hypotheses, one that suggests that virus binding induces a conformational change in the integrin, and the alternative, that there are two integrin populations that are released from the capsid with different off rates. In terms of the infection process in the cell, there are advantages for both the models. If the virus can bind any of the three conformations of the integrin, then the probability of binding a receptive host cell is increased, thus increasing the probability of infection. This would be the case if the model of the parallel-state reaction is correct. This is the model we favor. If only one integrin conformation can be bound, then there are fewer potential binding partners per cell, but if virus binding then immediately triggered a conformational change (two-state model) leading to integrin signaling and uptake, the probability of entry at this second step would be improved. Echovirus 1, for instance, which binds to the bent ␣ 2 ␤ 1 integrin conformation, causes integrin clustering, probably mediating signaling for endocytosis, and at later time points colocalizes with internalized integrin (15, 25, 58) . It is likely that avidity plays a role in the in vivo situation, resulting in an even higher overall affinity of the virus for the cell surface. The slow dissociation of the 1:1 complex in SPR indicates that once the virus is bound, it is anchored on the cell surface very tightly, in a waiting mode for the triggering of the internalization step. Independent support for the model of the parallel-state reaction comes from published work showing that in infected A549 cells, CVA9 does not colocalize with internalized integrin, suggesting that integrin signaling does not promote CVA9 internalization. Instead, other molecules such as ␤2-microglobulin and GRP78 are probably required for internalization (15, 26) .
In conclusion, our results shed light on the structural basis of integrin binding to CVA9, and on the molecular events leading to CVA9 cell entry and uncoating.
